Abstract. The biosynithesis of the mustard oil glucoside, benzylglucosinolate. was studied in Tropaeolum majus L. A number of labeled compiounds were administered to plant shoots and the incorporation of tracer into benzylglucosinolate, isolated as the crvstalline tetramethylammonium salt, was measured. In order of decreasing efficiency of conversion into benzylglucosinolate the oompounds fed were S-(/3-o-glucopyranosyl) phenylacetothiohydroximic acid (desulfobenzylglucosinolate), sodium phenylacetothiohydroximate, DL-phenylalanine, D-glucose, and sodium-D-1-glucopyranosyl mercaptide (1-thioglucose). The results are consistent with the hypothesis that the thioglucosyl group of benzylglucosinolate is derived lby glucosylation of phenylacetothiohyd.roximate and not from 1-thioglucose. The results also suggest that benzylglucosinolate is formed by sulfation of desulfobenzylglucosinolate as the final step in its biosynthesis.
(I, Fig. 1 ) and phenylacetaldehyde oxime (IV) are converted into benzvlglucosinolate (VIIIT) (glucotropaeolin) in both Tropaeolumn mitaijts L. ( 1, 16, 18) and in Lepidiumsl satizvutm L. (15) . It hals also been demonstrated ( 16) by meains of a trapping experiment that phenylalanine is converted to phenylacetaldehvde oxime in T. miajins L. and thus the aldehvde oxime may be considered not only a precursor2 of benzvlglucosiniolate, but also an internmediate of the mustard oil glucoside. Kindl and Underhill (9) have reported the incorporation of 14C-labeled N-hydroxyphenylalanine (II) into the aglycone of benzylglucosinolate as well as the conversion of the N-hvdroxvamino acid inlto phenvlacetaldehyde oxinile using enzyme preparations obtained from a number of glucosinolate bearing plants. Several workers have reported the efficient conversion of both anlino 1 Issued as N.R.C. No. 2 The terms "precursor" and "intermediate" are used as defined by Davis (4) , where a precursor is any substance which can be converted by the organism to the end product under study (in 5, 19) an,d it would now appear that the conversion of an amino acid via the aldehvde oxime to the glucosinolate would constitute a general biosynthetic pathw-ay for this class of glucoside.
A numihber of studies hav e been reported on the origin of both the divalent and hexavalent sulfur atoms present in the glucosiniolate ftun1ctionlal group; it has been demonstrated that admilnistration of 35 
S0
predominantly labeled the hexavalent sulfur whereas the sulfur of cysteine, imethioniine and homomethionine predominantlv labeled the divalent stulfur [see \Wetter and Chisholm (21) It would appear that the divalent sulfur may be derived from one of the sulftur containiing amino acids but. here too, the nature of the intermediates involved in the transsulfuration reaction has not been conclusivelv demonstrated. Two probable pathways for the formation of the thioglucosyl unit of mustard oil glucosides would appear to be either the formation of a thiohvdroximic acid which is then gluco-sylated, or the formation of 1-thioglucose itself which is then incorporated as a unit. Meakin (13) (16) .
Sodium phenylacetothiohydroximate-35S and -2-4C were synthesized from benzylmagnesiulim chloride and carbon disulfide using the procedure of Meakin (12) . The yields were 14% from carbon disulfide-35S (30 mmoles) and an equivalent amount of benzyl chloride and 9 % from benzyl *chloride-7-14C (9.2 mmoles) and 15.2 mmoles of carbon disulfide.
Sodium phenylacetothiohydroximate-2-14C35S was obtained on admixture of the singly-labeled produicts. The labeled thiohydroximate was reprecipitated from ethanol-diethyl ether to constant specific radioactivity and due to its chemical instability it was reprecipitated to this same specific activity immediately prior to each plant feeding experiment. The identitv of the product was confirmed by its conversion to S-methylphenylacetothiohydroximic acid on treatment with methyliodide (14) .
S-(,8-D-Glucopyranosyl-G-14C) phenylacetothiohydroximic acid which we will call desulfobenzylglucosinolate-G1-'4C (VII) was synthesized (6) in 23 % yield starting from generally-labeled acetobromoglucose and unlabeled sodium phenylacetothiohydroximate followed by deacetylation in concentrated barium hydroxide. S-(f-D-Glucopyranosyl) phenylacetothiohydroximic acid-1-14C (desulfobenzylglucosinolate-1-14C) was synthesized in 55 % yield from phenylacetaldehyde oxime-1-14C by treatment of the chlorinated aldoxime with 1-thio-2,3,4,6-tetra-0-acetyl-,8-D,glucopyranose in the presence of triethylamine followed by ammonolysis in anhydrous methanol (2) . The products were reprecipitated to constant specific activities from ethanol-petroleum ether and were radiochemically pure as determined by autoradiography of thin-layer [n-butanol :n-propanol :acetic acid :water-3 :1:1 :,1 (v/v) (20) ] and paper [n-butanol :acetic acid:water-4:1 :1.8 (v/v)] chromatograms. The PMR spectrum of the labeled product was identical with that of authentic mate-
, the 14C located in both the C, of the aglycone and in the glucose, was obtained on admixture of the 2 separatelv labeled products.
Benzylglucosinolate-G-14C was prepared by feeding carbon dioxide-14C (4.5 mc, 28 mc/mmole) to Tropaeolzrn najus L. (40 g fresh wt) in a 5 liter glass chamber. The uptake of carbon dioxide by the aerial portion of the plant was essentially complete within 1.5 hr after which the shoot was allowed to metabolize in ordinary air and in the light for a further 5 hr.. Benzylglucosinolate-G-14C was extracted and fractionated on a diethylaminoethyl (DEAE) cellulose column according to the procedure described beloow. Tetramethylammonium benzylglucosinolate (165 mg) was recrystallized to a constant specific activity (31.4 ,uc/mmole) and was found to be radiochemically pure by autoradiography of thin-layer and paper chromatograms using the above solvents. The intramolecular distribution of activity in the aglycone and glucose moieties was determined by enzymatic hydrolysis (myrosinase. pH 6. . A column (2 X 40 cm) was prepared from 12 g of DE-32 which had first been suspended in 500 ml of 0.1 N sulfuric acid and then washed until the pH of the washings was 3.5 to 4.0. The neutralized aqueous extract was applied to the colulmn at the rate of 60 to 75 ml/hr using a peristaltic pump and this was followed by a 250 ml water wash. The glucosinolate was eluted from the column with 0.05 N sulfuric acid collecting in 10 ml fractions. Benzylglucosinolate was detected in the collected fractions by one of the following methods: 1) spots from each fraction applied to paper were treated with ain alkaline, silver nitrate dip ( (11) 2) odor of benzylisothiocyanate on treatment of a neutralized aliquot of each fraction with myrosinase: and 3) by detection (glucose oxidase methiod using "glucostat" of Worthington Biochemical Corporation) of the glucose released from the glucosinolate on treatment with myrosinase.
The fractions containing the glucosinolate (fractions 54-62) were combined, neutralized (pH 6.5) with 0.1 N barium hydroxide and the barium sulfate precipitate was removed by filtration on a glass fiber filter. The filtrate containing the -oluble barium salt of the glucosinolate was passed through a column of Amberlite IR-120 (tetramethylammonium form) resin and the resulting tetramethylammonium benzylglucosinolate was recovered as a wlhite powder on evaporation of the solvent. From plants which were fed radioactive precursors, tetramethylammonium benzylglucosinolate of constant specific activity was readily obtained on recrystallization from aqueous ethanol the glucoside w!as chromatogra'phicallv homogenous when examined by paper anid thin-layer chromatography using the solvents described above. (3) in which the PPO and POPOP were replaced by 0.5 % (w/v) Butyl-PBD (Ciba Ltd., Basle) and the ethvlene glycol was omitted. The method used to determine the 14C and 35S activities in doubly-labeled compounds was the same as described by Wetter and Chisholm (21) except that the trapping solution consisted of redistilled phenethvlamine-methanol-toluene (1:2 :1 v/v) and the scintillator solution used was 0.5 % (w/v) Butyl-PBD in toluene.
To determine the distribution of tracer in the aglycone and glucose moieties, tetramethylammonium benzylglucosinolate of constant specific activity was hydrolyzed by myrosinase (pH 6.5). Steam distillation of the isothiocyanate aglycone into ammonium hydroxide yielded benzylthiourea which was recrystallized from water to constant specific activity (18) . The specific activity of the glucose moiety was determined from the difference in specific activities of the glucosinolate and benzylthiourea.
Results and Discussion
Prior to the development of the above method for the isolation of tetramethylammonium benzylglucosinolate, several preliminary feeding experiments were carried out in which the efficiency of conversion of tracer from sodiurm phenylacetothiohydroximate-2-14C and/or -35S and from phenylalanine-3-14C into the aglycone of the benzyl'glucosinolate was determined. The aglycone, benzylisothiocyanate, was isolated by steam distillation of the enzyme-cleaved glucosinolate directly from the plant homogenate and was obtained as benzylthiourea (18) . Phenylacetothiohydroximate was found to be 3.5 to 4.8 times more efficiently incorporated into the aglycone than was phenylalanine. It should be noted that sodium phenylacetothiohvdroximate is not a highly stable compound and it is known to decompose spontaneously into a number of compounds (6, 14) , including benzylisothiocyanate (13 In the second feeding experiment the radioactivity from D-glucose-G-"C was 10 times more efficiently converted into benzylglucosinolate than from sodium-1-thioglucose-G-14C. These results clearly indicate that 1-thioglucose cannot be considered as a direct precursor of the carbon skeleton of the thioglucosyl moiety. In contrast with this low conversion of 14C from 1-thioglucose-G-14C a rather efficient incorporation (6.6-12.9 %) of 35S from 1-thioglucose-"S into the divalent sulfur of benzylglucosinolate in T. majus L. has been reported by Meakin (13) and Wetter and Chisholm (21) . It would therefore appear that the carbon skeleton and sulfur of 1-thioglucose are incorporated into benzylglucosinolate by different routes. Wetter and Chisholm (21) also found a greater incorporation of radioactivity from 35S-labeled thioglucose than from "4C-labeled thioglucose into allylglucosinolate in horseradish and concluded that the sulfur and carbon of 1-thioglucose entered allylglucosinolate 'by different pathways.
Having estaiblished phenylacetothiohydroximate as a very efficient precursor of the glucosinolate aglycone, it appeared that this thiohydroximate may be converted to the glucosinolate by one of 2 possible routes; 1) glucosylation followed by the formation of the N-sulfate ester or 2) the reverse order, that is, formation of the N-sulfate ester followed by glucosylation. Of these 2 possibilities we chose to test the first. Table II ' Isolated as the tetramethylammonium salt. 2 Tracer converted = specific radioactivity of glucosinolate X amount extracted X 100 activity of tracer taken up by shoot 3 Values in parentheses represent the ratio of the specific radioactivities of 14C to 35S. Benzylglucosinolate-G-14C Benzylglucosinolate was both fed and isolated as the tetramethylammonium salt. 2 The ratio of the specific activity of the aglycone moiety to that of the glucose nmoiety. 3 Dilution is defined as the specific radioactivity of the aglycone moiety of the compound fed divided by the specific radioactivity of the aglycone moiety of the isolated glucosinolate. 4 Same as definition in (3) above but applies to the specific radioactivities of the glucose moieties of the cornpounds fed and isolated. This change in ratio clearly indicates that transglucosylation of the desulfoglucosinolate had occurred. It will be noted that the dilution values obtained for the glucosinolate aglycone moiety were similar for all 3 feedings. Only as a result of feeding desulfobenzylglucosinolate were the dilution values high for the glucos-e moiety, as would be expected if the glucose portion of the desulfoglucosinolate had been reversibly cleaved and entered a glucose pool in the plant. It is unlikely that the enzyme responsible for this transglucosylation is a thioglucoside glucohydrolase (ES 3.2.3.1; myrosinase) as Ettlinger and Lundeen l(6) and we (unpublished data) have observed that desulfobenzylglucosinolate is not hydrolyzed by myrosinase. The enzyme responsible for this reversible transfer of the glucosyl residue may be a glucosyltransferase (EC 2.4) similar to the one isolated by Howard and Gaines 1 (8) . Fig. 1 outlines a pathway for the biosynthesis of benzylglucosinolate which summarizes the results of these and previous feeding experiments, and incorporates as well some recently speculated intermediates. It has been demonstrated through previous plant feeding and enzyme studies that phenylalanine (I), N-hydroxyphenylalanine (II) and phenylacetaldehyde oxime (IV) are precursors of benzylglucosinolate. Ettlinger and Kjaer (5) in insects (7) . The final step in the biosynthesis probably involves the transfer of sulfate from 3'-phosphoadenosine-5'-phosphosul'fate (PAPS) by a glucosinolate stilfotransferase as the effecting enzyme.
